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In this study the use of a ﬁrst generation computed tomography (CT) scanner to evaluate changes in
total porosity and bulk density of a porous medium (a soil sample) submitted to wetting and drying
(W–D) cycles is presented. In nature, soils are commonly submitted to W–D cycles as they are exposed
to the hydrologic cycle. Also, a large number of procedures conducted at laboratory levels frequently
expose soils to W–D cycles. The methodology using the CT technique was applied to investigate a
Brazilian clayey soil submitted to consecutive W–D cycles. The obtained results showed that the use of
CT permitted a detailed evaluation of important changes in soil bulk density and total porosity due to
these cycles, something that cannot be achieved by the traditional methods used to investigate these
physical parameters.
& 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Computed tomography (CT) is a non-invasive method used to
map a determined physical property in a cross-section (plane or
cut) of a material [1]. In the case of CT, the mapped physical
property is the linear attenuation coefﬁcient (m) of the investi-
gated material. In this regard, there is a linear relationship
between m and bulk density (rb) [2]. Depending on CT image
resolution, which extends from some millimeters to a few
micrometers [3–7], detailed proﬁles of rb or total porosity (TP)
distributions can be easily obtained in the cross-sectional images
of a sample.
Relating different colors or different tones of gray to distinct
values of attenuation coefﬁcients makes it possible to visualize a
2-D image of this selected plane [8]. CT images are extremely
useful, for instance, to obtain detailed analysis of porous media
structures, as well as their internal modiﬁcations due to external
agents.
X-ray and gamma-ray CT have been successfully used to:
(i) investigate the relationship between ﬂuid transport and
structural properties of a porous medium (for example, porosity,
speciﬁc interfacial surface area and pore-size distribution) [9];
(ii) deﬁne the representative elementary volume (REV) of com-
plex heterogeneous porous media for measurements of porosity,
particle size distribution and local void ratio [10]; (iii) generate
data for simulation of ﬂuid penetration into porous media usinglsevier OA license. 
fax: þ55 42 3220 3042.
il.com (L.F. Pires).the Lattice Boltzmann Model (LBM) of multiphase ﬂuid ﬂow [11]
and (iv) measure the impact of geometric properties (volume,
surface, curvature and connectivity—the four Minkowski func-
tionals) on permeability and ﬂuid phase distribution in porous
media [12].
Soil represents a porous media of great interest for engineering
and agricultural purposes. In agriculture, rb and TP are properties
used to deﬁne the soil quality [13–16]. Hydraulic properties such
as conductivity and water retention are directly related to soil
structure [17–19]. These properties are very important for ade-
quately managing the soil and avoiding damages to its structure,
which can lead to environmental problems such as erosion or to
crop yield reduction [20–22].
Due to their importance in characterizing and managing the
soil the main objective of this research was to verify the useful-
ness of the CT technique to give a detailed analysis of rb and TP,
and to analyze the effect of wetting and drying cycle repetitions
on these properties.2. Experimental details
Six sample replicates of a clayey soil (430 g kg1 clay) classi-
ﬁed as Red Nitosol were collected from the top soil layer
(0–10 cm) by pressing steel cylinders (h¼3.0 cm, D¼4.8 cm,
Vﬃ55 cm3) into the soil matrix. The thickness of the steel
cylinder used to collect the samples was 1.0 mm.
In this study a W–D cycle consisted of partially draining a
soaked soil sample in a pressure chamber at 400 kPa. This
procedure is exactly the same as that employed, for instance, to
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method [23].
Information regarding TP and rb modiﬁcations was obtained
by comparing the distribution of these properties before and after
a sample was being submitted to 9 W–D cycles.
The investigation of the samples was performed using a ﬁrst
generation CT scanner, schematically presented in Fig. 1. The CT
employs a 241Am (59.54 keV, 3.7 GBq) as the radioactive source
and a NaI(Tl) scintillation crystal (7.627.62 cm2), coupled to a
photomultiplier tube, as the detector system.
To collimate the gamma-ray beam, lead collimators with 1 and
4 mm apertures were placed in front of the source and detector
(Fig. 1).
To obtain an image, angular and linear steps of the CT system
were chosen as 2.251 and 0.11 cm, respectively. The total transla-
tional movement for each sample was 8.48 cm. The images were
reconstructed using the software Microvis [24] (Embrapa Agri-
cultural Instrumentation (Brazil)), which is based on the ﬁltered
backprojection (FBP) method. To improve the quality of the
obtained images the tomographic unit (TU) data matrix [3],
obtained after the reconstruction procedure, was submitted to a
kriging process. This procedure was made using the Surfer
(v. 6.04) for Windows software [25]. With these chosen para-
meters, each image consisted of 6400 pixels of 0.012 cm2
(0.11 cm by 0.11 cm) resolution. The total measuring time for
each tomography was around 47 h and the average photon ﬂux
density (number of photons m2 s1) was 11,780.
To investigate the effects of W–D cycles on rb and TP, each
investigated sample was divided into six layers named from A to F
as schematically presented in Fig. 2. In this particular experi-
mental setup, each subsequent layer was 4.4 mm apart from the
previous one.
Soil bulk density extracted from CT images was evaluated
using the equation rb¼[(TU/a)mmwyrrw]/mms, where yr
(cm3 cm3) represents the volumetric soil water content of the
air dried sample, a (cm) is obtained by calibrating the CT system
[3], TU is the tomographic unit [3], rw (g cm3) is the density ofFig. 1. Schematic diagram of the ﬁrst generation ga
Fig. 2. 2-D tomographic images of core samples used to evaluate soil bulk density (rb) a
drying (W–D) cycles. Investigated area corresponds to a matrix of 480 (2024) pixelswater, and mms and mmw (cm2 g1) are the mass attenuation
coefﬁcients of soil and water, respectively. TP was obtained using
the equation TP(%)¼[1(rb/rp)]100, where rp (g cm3) is the
soil particle density.
A contrast transfer function (CTF) was used to evaluate the
quality of the tomographic images [26]. To eliminate possible
artifacts [1], the area selected for the analysis (matrix of 2024)
was smaller than the matrix representing the sample and cylin-
der, which was of dimensions 4528. With this approach the
portion of the sample surrounding the cylinder walls, prone to
abrupt density changes (from soil to steel), was excluded from the
presented analysis.3. Results and discussion
The mass attenuation coefﬁcients, represented by the ratio of
the linear attenuation coefﬁcient to the physical density of the
sample, for the clayey soil and water were (0.32870.003) and
(0.19970.003) cm2 g1, respectively. These values are in agree-
ment with results found in the literature for 241Am radiation
[27,28].
To calculate rb and TP by the CT method, using the equations
previously presented, the slope (a) of the linear regression
between m and TU was 0.998 cm (r2¼0.99) and the obtained
result for rp was (2.6870.01) g cm3.
One of the feasible investigations using CT images is to
visualize inside soil structures. An example of this visualization
is presented in Fig. 2. In the testimony sample (a sample not
submitted to any W–D cycle) the existence of compacted regions
at the upper and lower layers (layers A and F) of the sample can
be observed. Higher rb at layer A was a characteristic of the
investigated sample while at the bottom it was probably due
to the sample preparation, which in this study consisted of
making the sample bottom ﬂat using a sharp knife blade. In
Fig. 2 (right), the same sample is presented after the application of
W–D cycles. As a whole it can be seen that rb values in themma-ray computed tomography (CT) scanner.
nd total porosity (TP) variations of soil samples with the application of wetting and
. Letters A–F represent soil layers selected for image analysis.
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Fig. 3. Changes in (a) soil bulk density and (b) total porosity of soil samples due to
the application of wetting and drying (W–D) cycles. Testimony (0 W–D) is related
to samples that were not submitted to any W–D cycles and 9 W–D to samples
submitted to 9 W–D cycles.
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Fig. 4. Frequency histograms of soil total porosity for layers (a) C and (b) E.
Testimony (0 W–D) represents samples that were not submitted to any wetting
and drying (W–D) cycles and 9 W–D to samples submitted to 9 W–D cycles.
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compacted layers of the samples.
According to Dexter [29], W–D cycles directly affect the soil
aggregation due to the action of forces among soil particles and
soil aggregates. Consequently, the soil porous system is strongly
inﬂuenced by sequences of W–D cycles. Wetting and drying
processes can also produce small changes in soil core sample
volume, caused by stresses due to water/air interfaces originated
from capillary forces. Therefore, after each new wetting step, the
soil structure will undergo a new energy state, which most of the
time promotes deﬁnite changes in the soil structure.
In Fig. 3 are shown cumulative distributions of average rb and
TP (for the six replicates) in the investigated sample layers, before
and after the application of W–D cycles. As can be seen there was
a displacement of the rb curve to the left, indicating that, on
average, values of this physical property decreased with the
application of the cycles. On the other hand, as a consequence
of this decrease, TP presented the opposite behavior, i.e. increased
with the application of the W–D cycles. These changes can be
explained, for example, by assuming the appearance of small
cracks or holes inside the soil structure during the W–D cycles, i.e.
macropore development.
A better picture of changes in TP during the W–D cycles can be
made by analyzing Fig. 4a and b. In these ﬁgures are presented
changes in TP distribution in two of the investigated soil layers
(Fig. 2). As can be seen the application of W–D cycles for layer C
changed the distribution peak of TP from 36.5 to 39.3. Nonetheless
the cycles did not affect the height of the distribution (Fig. 4a).
For layer E the application of the cycles shifted the TP
distribution peak, from 35.2 to 39.7, and decreased its height
(Fig. 4b). This last result indicates that the W–D cycles inducedthe appearance of macropores and the soil became more hetero-
geneous. Particularly, it represents an improvement in the soil
structure.
The analysis of TP and rb proﬁles allowed us to obtain a better
comprehension of the changes experimented by the soil (Fig. 5a
and b). In Fig. 5a and b are presented the variations in rb and TP
for the different investigated soil layers, respectively.
As can be seen all along when the sample was observed there
was an increase in TP or, in other words, a decrease in rb due to
the cycles. For the investigated soil sample, it was observed that
the cycles produced variations of around 11% in both rb and TP,
for all investigated layers.
In this regard, according to Baumgartl [30], W–D cycles
deﬁnitely affect the soil pore system due to internal stresses, this
characteristic being more important in swelling soils, in which
cohesive forces between soil constituents change the soil volume
in the drying and wetting processes [31,32]. Bresson and Moran
[33,34] have shown that the wetting process produced important
changes in soil structure due to the development of irregular
microcracks in soil aggregates inside soil samples.4. Concluding remarks
The results obtained in this work conﬁrm the potential of the
CT technique to quantify changes in soil bulk density and total
porosity of soil samples submitted to W–D cycles, commonly
employed in laboratory procedures. The main advantage of the
technique is that it can be done in a much more detailed manner
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